A sphingosine kinase (SPHK) type 2 inhibitor, SG-12, inhibited the SPHK2 activity in A20/2J cells and promoted Fas-dependent cell death. The effect of SG-12 on cell death was relieved by SPHK2 transfection but not by SPHK1 transfection. The results suggest a SPHK2-specific suppression of Fas-dependent cell death.
INTRODUCTION
Sphingosine kinase (SPHK) catalyzes the phosphorylation of sphingosine to generate sphingosine-1-phosphate (S1P). The two mammalian isoforms of sphingosine kinase, SPHK1 [1] and SPHK2 [2] , are different in their amino acid sequences, catalytic properties, intracellular localization, and tissue distribution [3] . Mice lacking SPHK1 [4] , SPHK2 [5] , or both [6] indicated that the functions of SPHK1 and SPHK2 are redundant in terms of their maintenance of extracellular S1P levels to support S1P-receptor mediated processes such as vascular maturation/angiogenesis [7] [8] [9] [10] [11] , heart development [12] , and lymphocyte trafficking [13] . On the other hand, it has been suggested that SPHK1 and SPHK2 have distinct roles in regulating cell survival and death [14] , where S1P probably acts intracellularly [14, 15] . Although SPHK1 has been shown to promote cell survival, several reports suggested that SPHK2 induces apoptosis [16] or inhibits cell growth [17] . T cells from mice lacking SPHK2 exhibit a hyperactivated phenotype with enhanced proliferation and cytokine secretion in response to IL-2 [18] . At present, the role of SPHK2 in modulating cell survival and death remains to be characterized.
Fas/CD95 is a member of the tumor necrosis factor receptor superfamily. Crosslinking Fas with its natural ligand FasL (CD178) or with agonistic antibodies induces apoptotic cell death. Fas signaling is important for elimination of selfreactive T and B lymphocytes [19, 20] . Thus, Fas deficiency in humans and mice (e.g., during autoimmune lymphoproliferative syndrome or in lpr mice) predisposes them to *Address correspondence to this author at the Department of Hard Tissue Engineering, Biochemistry, Division of Bio-Matrix, Graduate School, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo, Tokyo 113-8549, Japan; Tel: +81 3 5803 5567; Fax: +81 3 5803 0187; E-mail: m.yokoyama.bch@tmd.ac.jp systemic autoimmunity. In B cells, susceptibility to Fas signaling is dramatically altered during activation [21] .
Sphingolipid ceramide is known to regulate Fas-mediated cell death [22] [23] [24] [25] . Ceramide activates a number of enzymes and contributes to membrane structure, by which it can lead to activation of caspase and induce cell death [26, 27] . On the other hand, the ceramide-derived metabolite S1P, counteracts the action of ceramide and suppresses Fas-mediated cell death [28, 29] . Upregulation of SPHK1 has been reported to induce Fas-resistance in B lymphoblastoid cells in case of rheumatoid arthritis [30] . However, the role of SPHK2 in Fas-mediated cell death has not been elucidated.
In the present study, we investigated the role of SPHK on Fas-mediated apoptosis. We found that the SPHK activity in A20/2J cells, a mouse B cell lymphoma cell line, is mainly due to SPHK2. Using a synthetic sphingoid analog, SG-12, previously developed as an SPHK2 inhibitor [31] , we successfully demonstrated the specific involvement of SPHK2 in the suppression of Fas-dependent cell death of A20/2J cells. This effect was especially evident in the presence of BCR-crosslinking.
MATERIALS AND METHODS

Cell Preparation and Culture
Splenic B cells were isolated from six-week-old BALB/ cAnN mice as described previously [32] . The murine B lymphoma-derived cell line A20 and A20/2J were maintained in RPMI 1640 medium (Sigma-Aldrich, St Louis, MO) supplemented with 8% fetal bovine serum (F6178, SigmaAldrich, St Louis, MO), 2-mercaptoethanol (50 μM), penicillin (50 U/ml), and streptomycin (50 μg/ml). Only those cells that were in exponential growth phase were used for experiments.
Reagents
A compound, (2S, 3R)-2-amino-4-(4-octylphenyl)butane-1-3-diol (SG-12), was prepared as previously described [31] and dissolved in DMSO at 4 mM concentration. Anti-mouse Fas monoclonal antibody (Jo2) and FITC-annexin V were purchased from BD Pharmingen (San Diego, CA). Z-VADfmk was from the Peptide Institute (Osaka, Japan).
Reverse Transcription Polymerase Chain Reaction (PCR)
Total RNA was isolated from B cells, A20, and A20/2J cells using QIAzol reagent (QIAGEN) and cDNA was generated using an oligo(dT) primer and SuperScript II Reverse Transcriptase (Invitrogen). The GAPDH, SPHK1, and SPHK2 cDNAs were amplified by PCR using primers for GAPDH (5' ACCACAGTCCATGCCATCAC 3' and 5' TCCACCACCCCTGTTGCTGTA 3'), SPHK1 (5' TGCCTT CTCATTGGACTGTG 3' and 5' ACCATCAGCTCTCCA TCCAC 3') and SPHK2 (5' GGCCACCACTTATGAGGA GA 3' and 5' AGCAGTTGAGCAACAGGTCA 3'). The PCR conditions were as follows: 30 cycles; 94 for 30 s, 60 for 45 s, and 72 for 60 s.
Plasmids and Transfection
The pCE-puro 3x FLAG-mSPHK1a and pCE-puro 3x FLAG-mSPHK2 plasmids are derivatives of the pCE-puro vector [33] and encode the mouse SPHK1 and SPHK2 proteins, respectively. These are both tagged with a triple FLAG (3x FLAG) epitope at their N-terminus. Transfections were performed using the Nucleofector technology (Amaxa) and puromycin-resistant cells were obtained.
SPHK Activity
In vitro SPHK assays were performed as described previously [1, 2] . The SPHK activity was measured in the presence of 0.25% Triton X-100 (inhibiting SPHK2) and 0.2 M KCl (suitable for SPHK2). To evaluate the SPHK activity within cells, A20/2J cells were incubated with [3- 3 H]sphingosine after incubation with or without SG-12. Lipids were extracted and analyzed as described previously [1] . 
Flow Cytometric Analysis
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophresis (SDS-PAGE) and Immunoblotting
After stimulation, the A20/2J cells were lysed using 1% Triton X-100 as described previously [32] in the presence of 100 mM z-VAD-fmk. Proteins were separated by SDS-PAGE on 10-20% gradient gel (Wako Pure Chemical Industries, Japan) and were detected by immunoblotting with anticaspase 3 (1/2000 dilution), anti-phospho-Akt (Ser473) (1/1000 dilution), and anti-Akt (1/100 dilution) antibodies from Cell Signaling (Beverly, MA) and anti-Grb2 antibody (1/1000 dilution) from Santa Cruz Biotechnology (Santa Cruz, CA) as primary antibodies. A horseradish peroxidaseconjugated antibody was used as the secondary antibody.
Finally, immunoreactivity was determined by ECL (Amersham International, Buckinghamshire, England).
Statistical Analysis
Differences between mean values were assessed by a Student's t test. A p value of <0.05 or <0.01 was considered statistically significant.
RESULTS AND DISCUSSION
Sphingosine Kinase 2 (SPHK2) Mainly Contributed to SPHK Activity in A20/2J Cells
In B cells, the expression of both SPHK1 and SPHK2 was detected (Fig. 1A) . In case of SPHK2, two PCR products were observed using B cell cDNA as a template. Sequence analysis revealed that the slower migrating band contained an 83 bp insertion (data not shown). This finding suggested the presence of a splice variant of SPHK2 in B cells. Since a stop codon is present within the insertion, the splice variant would correspond to the N-terminal one third of SPHK2. A role of such truncated form of SPHK2 should be studied in a future work. The B cell tumor line A20/2J is a subclone of the original A20 tumor cell line derived from a BALB/cAnN mouse [34] . Since A20/2J is more susceptible to Fas-dependent cell death than A20 (data not shown), we used A20/2J for the present study. SPHK2 was clearly observed, whereas that of SPHK1 was barely detectable in A20/2J cells ( Fig. 1A ) and A20 cells (data not shown).
The catalytic activity of SPHK2 is inhibited by high concentrations of Triton X-100 and activated in the presence of physiological concentrations of KCl or NaCl [2] . Thus, we measured SPHK activity in the presence of 0.25% Triton X-100 (inhibiting SPHK2) and 0.2 M KCl (suitable for SPHK2) to evaluate relative contribution of SPHK2 over that of SPHK1. As shown in Fig. (1B) (lanes 3 and 4) , S1P was generated in B cell homogenates under both the conditions. In contrast, S1P formation in the homogenates of A20/2J cells was observed only in the presence of 0.2 M KCl (Fig.  1B, lane 2) . SPHK activity under the SPHK2 assay conditions was associated with the membrane fraction (Fig. 1C) . Thus, SPHK2 contributed more than SPHK1 to S1P formation in A20/2J cells as compared to B cells.
A Synthetic Sphingoid Analog Compound (SG-12), (2S, 3R)-2-Amino-4-(4-Octylphenyl)Butane-1-3-Diol, Inhibited SPHK2 Activity in A20/2J Cells
The sphingoid analog, SG-12, potently inhibits human SPHK2 but not SPHK1 activity in vitro [31] . Since SPHK2 mainly contributed to the SPHK activity in A20/2J cells, we evaluated the action of SG-12 in A20/2J cells. As shown in Fig. (2) , SG-12 appreciably inhibited [ 3 H]S1P formation. Thus, SG-12 was shown to act as a membrane-permeable inhibitor of SPHK. To confirm the action of SG-12 on SPHK2, we transfected the A20/2J cells with either mouse SPHK1 or SPHK2. The generation of [ 3 H]S1P was not inhibited by SG-12 in SPHK1-transfected A20/2J cells, but was inhibited in SPHK2-transfected A20/2J cells (Fig. 2) . However, the effect of SG-12 in SPHK2-transfected A20/2J cells was less than that in A20/2J cells. Accordingly, the results indicated that SG-12 inhibited the SPHK2 activity in A20/2J cells. 
Effect of SG-12 on the Progression of Fas-Mediated Cell Death from Live to Apoptotic Cells
Stimulating A20/2J cells with an anti-mouse Fas monoclonal antibody (Jo2) for 4 h resulted in increase in apoptotic cells (Fig. 3A) . Crosslinking of BCR with an anti-mouse IgG pAb reduced the apoptotic cells (Fig. 3A) and inhibited the Fas-dependent activation of caspase-3 (Fig. 4B) , which has been known as BCR-dependent Fas-resistance [21, 35] . A proportion of the apoptotic cells was not affected by SG-12 in the absence of BCR-crosslinking, but was increased in the presence of BCR-crosslinking (Fig. 4A) . SG-12 did not produce any effects in the presence of a pan-caspase inhibitor, z-VAD-fmk (Fig. 4A) , suggesting that SG-12 promoted a caspase-dependent process. Activation of caspase-3 as revealed by the appearance of its cleaved form, was slightly increased by SG-12 either in the absence or presence of BCR-crosslinking (Fig. 4B) . Thus, it is suggested that the slight activation of caspase 3 by SG-12 does not directly result in the increase in apoptotic cells. Rather, it implied that SG-12 amplifies an additional process of apoptotic cell death subsequent to the activation of caspase 3, which is evident in the presence of BCR-crosslinking. (1 x 10 6 cells/ml) were incubated without or with 100 ng/ml anti-mouse Fas mAb or 5 μg/ml F(ab') 2 of anti-mouse IgG pAb for 4 h (A) or 20 h (B) and analyzed using flow cytometry as described under "Materials and methods."
The effect of SG-12 could be explained by an impairment of BCR-signaling. However, a BCR-dependent inhibition of caspase 3-activation was clearly observed in the presence of SG-12 (Fig. 3B) . In addition, an activation of PI3K as revealed by the phosphorylation of Akt, which mediates the suppressive effect of BCR-crosslinking on Fas-dependent cell death [35] , was inhibited by LY294002 but not by SG-12 (Fig. 4C) . Therefore, the effect of SG-12 in increasing in apoptotic cells may be highlighted when the increase in apoptotic cells is retarded by BCR-crosslinking. (1  x 10 6 cells/ml) were incubated without or with anti-mouse Fas mAb and 5 μg/ml F(ab') 2 of anti-mouse IgG pAb in the presence or absence of 8 μM SG-12. After 4 h, cells were lysed and proteins were detected by immunoblotting as described in "Materials and Methods." (C) A20/2J cells (1 x 10 8 cells/ml) were preincubated without or with 8 μM SG-12 or 4 μM LY294002 for 5 min and stimulated with an F(ab') 2 of an anti-mouse IgG pAb (2.5, 5, 10 μg/ml) for 5 min. Then, the cells were lysed and proteins were detected by immunoblotting as described in "Materials and Methods." Essentially the same result was obtained in another independent experiment.
Effect of SG-12 on the Progression of Fas-Mediated Cell Death from Apoptotic to Dead Cells
Next, we focused on the effect of SG-12 during the late stages of cell death, from visible apoptosis to dead cells. After Fas stimulation for 20 h, most cells became positive for Annexin V and BCR-crosslinking resulted in a decrease in dead cells and an increase in apoptotic cells (Fig. 3B) . As shown in Fig. (5A) , the proportions of live, apoptotic, and dead cells were not affected by SG-12 in the absence of BCR-crosslinking. In contrast, the proportion of apoptotic cells was reduced and that of dead cells was increased by SG-12 in the presence of BCR-crosslinking (Fig. 5B) . It should be noted that, when the cells were stimulated with an anti-Fas antibody at concentrations higher than 10 ng/ml and in the presence of BCR-crosslinking, the levels of apoptotic and dead cells did not change (at around 35% and 50%, respectively), while the initial activation of caspase 3 was increased (Fig. 5D) . This observation suggested that BCRcrosslinking causes a pause in the progression of cells from apoptotic stage to death: addition of SG-12 relieved this pause. C An active form of caspase 3 (p17) was hardly detected in the absence of BCR-crosslinking after Fas stimulation for 20 h (Fig. 5C) . On the other hand, p17 remained in the presence of BCR-crosslinking; however, it almost disappeared following the addition of SG-12 (Fig. 5D) . Since a cytosolic protein, Grb2, was also decreased after Fas-stimulation, it is conceivable that p17 is released from dead cells due to a damage of plasma membranes. It should be noted that SG-12 promoted the decrease in Grb2 both in the absence (Fig. 5C) and presence (Fig. 5D) of BCR-crosslinking, whereas SG-12 did not affect the Fas-dependent decrease in uncleaved caspase 3. It implied that the addition of SG-12 promotes the progression of late stage cell death after activation of caspase 3.
Collectively, SG-12 accelerated both early and late stages of Fas-mediated cell death as shown by the exposure of phosphatidylserine (annexin V-staining) and the change of membrane permeability (PI-staining), respectively.
Effect of SG-12 on the Progression of Fas-Mediated Cell Death in A20/2J Cells Transfected with SPHK1 or SPHK2
To confirm the involvement of SPHK2 in reactions mediated by SG-12, we used SPHK1-and SPHK2-transfected A20/2J cells (Fig. 6) . SG-12 decreased the apoptotic cells and increased the dead cells after a 20 h Fas stimulation, in the presence of BCR-crosslinking in A20/2J cells (Fig. 6B) and in SPHK1-transfected A20/2J cells (Fig. 6D) . In contrast, in SPHK2-transfected A20/2J cells (Fig. 6F) , SG-12 did not increase the dead cells. A slight SG-12 mediated decrease in apoptotic cells may reflect an increase of live cells, however, we did not investigate this point further in the present study. The results indicated that the effect of SG-12 in promoting progression of Fas-dependent cell death progression is closely related to SPHK2.
CONCLUSION
An SK2 inhibitor compound, SG-12, enabled us to demonstrate the involvement of SPHK2 in the suppression of Fas-dependent cell death in A20/2J cells. Interestingly, SG-12 was able to accelerate the progression of late stage cell death indicators such as a change in membrane permeability, probably due to disruption of membrane integrity. This effect was especially evident in the presence of BCRcrosslinking. Although many previous studies focused on the initiation of cell death, i.e., caspase activation, the regulation of the late stages of cell death remains largely unclear. Our results implied the potential ability of SHK2 to suppress the progression of late stage Fas-mediated cell death.
The ability of SG-12 to inhibit S1P formation in A20/2J cells was diminished by SPHK1 transfection (Fig. 2) . But SPHK1 transfection did not relieve the effect of SG-12 on the progression of cell death (Fig. 6) . Thus, the generation of S1P per se, may not be sufficient to suppress Fas-mediated cell death. On the other hand, it has been previously reported that the generation of ceramide is increased by SPHK2 but decreased by SPHK1 [36] . SPHK2 probably facilitates the S1P-mediated salvage pathway of ceramide synthesis in which S1P is dephosphorylated to sphingosine by S1P-phosphatase and then acylated to form ceramide in ER [37] . Corroborating previous findings, the generation of the (Fig. 2) . Previously, it has been reported that the generation of ceramide is involved in cell death in B cells [38, 39] . Further study is necessary to correlate such SPHK2-mediated sphingolipid metabolism and the regulation of cell death. 
